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Letter of Transmittal

Investigations on the Effect of Binders on the Performance of Si-based Anodes of Lithiumion Batteries
From: Christopher Rohen, Jorge Vicco, Maria Araujo, Maruj Jamal and Vladimir Pavon
April 19, 2022

To: Dr. Qingliu Wu and Dr. James Springstead
Western Michigan University: Dept. Of Chemical & Paper Engineering

Dear Dr. Wu and Dr. Springstead
The following report was completed as requested to look into the research and development of
the effects of different binder on the performance of Si-based Anodes of Lithium-ion Batteries
and mass scale production of the best binder for coin-cells. You and the project wanted us to
determine the best binder of the 4 chosen and determine the feasibility and profitability to build a
plant to produce it.
For the process we sold our battery cells for $282 per kWh. Given our capacity for the
production of batteries is 416,696 units per year and our total, we found that our daily production
of batteries is 1,149 units per day. Since the batch process uses 1000g per month (This process is
supposed to be throughout the whole month, at the beginning of each month, the preparation of
slurry is made, and the rest of the month is spent building the batteries). Our income per year was
$1.76 MM USD and expenses including raw material costs, utilities and other operating costs
was $1.51 MM USD per year. The NPV for the process was $419,000 USD after a 10-year plant
life and the benefit to cost ratio was 2.03. Other Economic analysis information found was that
the Internal Rate of Return (IRR) was 97.93%, the Payback Period (PBP) was 1.01 years and
finally the return of investment (ROI) was 0.986 per year.
After all the work and considerations have been made, we feel like this is a process we would
recommend. It is very highly profitable and has room to still be profitable at variations of prices.
Any questions about the process can be addressed in our design report or asked directly to the
group members in the presentation.

Thank you,
Design Engineers.
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Executive Summary
For the production of lithium-ion batteries with the different binders, a few things must be
considered. The process of production has several steps. First is the preparation of the slurry with
the composition of 70/10/20, 70% active material, 10% carbon black and 20% selected binder.
Then, the bar coating of the slurry into a copper sheet is required. After drying in the oven, the
sample in the cooper sheet, a few holes on the sample are made and the half-cell assembly.
Lastly, the cell is assembled and its subject of rigorous testing to determine performance and
stability; A few of the tests are but not limited to formation, cycle, and rate test. The assembly
process occurs in a control area called glove box, this allowed for a more delicate and complete
process for the battery. From the results obtained, we believed that the SCMC binder is the best
overall.
For the process we sold our battery cells for $282 per kWh. Given our capacity, the yearly
production of batteries is 416,696 cells, which works out to about 34,733 per month. Since the
batch process uses 1000g per month (This process is supposed to be throughout the whole
month, at the beginning of each month, the preparation of slurry is made, and the rest of the
month is spent assembling the batteries). Our income per year was $1.76 MM USD and expenses
including raw material costs, utilities and other operating costs was $1.51 MM USD per year.
The production of the batteries with the selected binder is a very profitable and promising one.
There is enough room for error to still be a profitable process even if expenses were to become
more expensive. The process also has room for possible improvements and increased
profitability with a few modifications.
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Introduction
Research Background
Batteries begin fading from the day they are manufactured and, with the development of
technologies, such as cell phones, tablets, and electric cars, capacities of lithium ion batteries
have become a growing concern.
Silicon might be the novel material required to improve the efficiency of modern batteries.
Silicon is able to store up to 10 times more lithium when compared to graphite. This enables
batteries to have a much greater energy. Our anodes are prepared by using 10% carbon, 70%
silicon, and 20% of one of the four binders.
The energy capacity of silicon, being 4400 mAh/g, is much higher than that of carbon, which is
375 mAh/g. The higher energy capacity of silicon directly translates to higher density batteries.
These batteries could offer up to 40% higher energy density than conventional graphite based
lithium-ion batteries. Another advantage of silicon is its unlimited availability. Silicon is the
second most abundant element on earth after oxygen. The problem with silicon is that the
lifetime of silicon anodes has been historically too short to use in chargeable and rechargeable
batteries. Silicon is a highly sensitive material and its takes up a remarkable number of lithium
ions during charging whilst almost expanding by 400% which causes it to break over the long
run. To combat the issues present with pure silicon, a silicon-carbon (Si-C) composite is used
instead. While this drops the theoretical capacity from 4400 mAh/g to 750 mAh/g, this is still
twice as high as it would be with pure carbon. Along with this Si-C composite, functional
binders will be introduced to provide strong bonding effects to the electrode materials.
In this report, four different binders will be tested using various performance tests to determine
the viability of each in a lithium-ion battery cell with a Si-C composite anode. Table 1 below
shows the information breakdown of each binder used including the name, molecular weight,
solution, and price.
Table 1: Information Breakdown for each Binder

Binder
Name

Molecular
Weight
(g/mol)

Solution
(Binder % in Solvent)

Price
(USD)

72.06

10% in Water

$149.00 (100 g)

PVDF –
Polyvinylidene
Fluoride

64.03

8% in N –
Methylpyrrolidone
(NMP)

$173.00 (100 g)

Nafion

388.5

5% in Water

$202.00 (10 g)

SCMC –
Sodium
Carboxymethylcellulose

262.2

5% in Water

$139.00 (500 g)

PAA –
Polyacrylic
Acid
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Market Survey
For this project, most of the chemicals and materials used need to be bought from outside
sources. Carbon black can be purchased from MTI corporation is 30g and it costs $89.95. In
addition, from MSE supplies website, 100 pieces of coin cell cases cost $180, 100 pieces of
springs cost $42.50, 100 pieces of spacers cost $59.00, and 4 slurry containers for $96.
For the binders being constructed, PVDF, nafion, and SCMC can all be purchased from Sigma
Aldrich, while PAA can be purchased from Poly Sciences. 100g of PVDF and PAA can be
purchased for $173.00 and $149.00 respectively. 10g of nafion can be bought for $202.00 and
500g of SCMC for $139.00.
The two solvents needed for the binders are water and NMP. Water is readily available in the lab
and need not be purchased. NMP does need to be purchased however, and 250ml can be bought
from Nanografi for €164.00 or approximately $188.00. The electrolyte needed for building the
battery can be bought from Tobmachine for $200 per kilogram.
Additional materials that are required for the anode construction are copper sheets, lithium, and
silicon. 18 inches by 50 feet sheets of copper at 0.001 inches thick can be purchased from Basic
Copper for $231.99. From Sigma Aldrich, 25g of lithium can be purchased for $129.00, and 50g
of silicon can be purchased for $45.80.

Design Objectives
The overall objectives of the project and goals set by the Dr. Wu and Dr. Springstead include:
• Increase conductivity of silicon material by mixing it with carbon
• Test the performance of four different binders on silicon-based batteries
• Select the best performing binder to use for a chemical plant design
• Design a chemical plant to produce large quantity of silicon-based batteries
• Analyze the economy based on the designed chemical plant
Along with the objectives listed above the Gantt Chart in Figure 1 below shows the project
timeline.
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Figure 1: Gantt Chart Showing Project Timeline
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Discussion
Methods
The experiment was done in a laboratory where electrodes were prepared, and coin cell batteries
were assembled. At the beginning, four slurries were prepared. Each slurry has the same amount
of silicon and black carbon. The difference between the slurries is the type of binder that was
used. The binders that were used are polyacrylic acid (PAA), polyvinylidene fluoride (PVDF),
nafion, and sodium carboxyl methylcellulose (SCMC). Each slurry was mixed for five minutes at
2000 revolutions per minute. Then, a small sheet of copper was placed on a glass plate, and the
slurry was spread on top of the copper sheet. The film applicator was used to coat the slurry on
the copper with 50 micro-meter thickness.
The slurry coated with copper was transferred into an oven at 42°C for 8 hours. Then, it was
transferred to vacuum oven at 80°C for 10 hours. When the slurry was completely dry, the
electrode was produced. The electrodes were cut into disks with 9/16 inches in diameter, the
mass of each electrode was recorded, and each electrode was labeled. Then all the electrodes
were transferred into a glovebox to assemble the coin cell batteries.

Figure 2: Coin Cell Battery Components

Figure 2 above shows the components of the coin cell batteries to assemble the cells. Starting by
placing the spring on top of the negative case. Then, one spacer, one drop of electrolyte, and
cathode which is lithium were placed on top of the spring, respectively. After that, three drops of
electrolyte, and the separator that should cover all the lithium were placed on top of the previous
components. Then, five drops of electrolyte were added. After that, the electrode (anode) where
the copper should be on top and the solid content of the slurry on the bottom facing the separator
was placed on top of the separator. Then, the second spacer was placed on top of the anode, and
the battery was closed by the positive case. Then, the coin cell battery was pressed by the
crimping machine.
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Each cell went through several tests. Impedance test was performed before the formation test
which took up to 15 minutes for each battery. Then, a formation test was performed for all the
batteries which took around three days to get all the data. All the batteries that passed the
formation test had an impedance test after the formation test. The batteries that performed well
were split into two groups. The first group had rate test, and the second group had cycle test in
which both tests took around 10 days to get all the data. Based on the formation test, the
performance of three batteries from each binder was compared.

Assumptions and Possible Errors
The possible errors that could affect the performance of the battery are the contamination of the
materials or using the wrong electrolyte. In addition, the battery cell assembling step should be
very accurate and need a lot of practice to avoid a short circuit. While assembling the cells, the
electrode should be aligned with the lithium, and the separator should cover the entire lithium. If
the electrode was shifted and not aligned correctly, a short circuit would occur.

Research Results
Formation Test
From the formation test, the voltage profile curves for each battery cell, the coulombic efficiency
versus cycle, and the specific capacity versus cycle was plotted. Nine cells were assembled for
each binder, and the data for the good cells were considered. Figures 3, 4, 5, and 6 below show
the voltage profile of one battery cell from SCMC, PAA, PVDF, and Nafion respectively. Note
that, C_CC stands for charge and D_CC stands for discharge. In addition, the formation tests
were performed at 0.1C.

Figure 3: Voltage Profile for SCMC from Formation Test
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Figure 4: Voltage Profile for PAA from Formation Test

Figure 5: Voltage Profile for PVDF from Formation Test
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Figure 6: Voltage Profile for Nafion from Formation Test

The specific capacity, in mAh/g, of three batteries from each binder was calculated by dividing
the capacity, in mAh, by the active material which is the mass of silicon in each battery. The
formation test produced data from three discharge and charge cycles, so the specific capacity of
three cycles was calculated for each battery. Then, the average of the specific capacity of the
three batteries was plotted versus the cycle for the four binders to compare the performance of
the binders. In addition, the coulombic efficiency was calculated by taking the ratio of charge
capacity over the discharge capacity. Then, the coulombic efficiency was plotted versus the cycle
to compare the performance of the binders. Refer to the table in Appendix C for the results of the
formation test.
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Figure 7: Average Charge Capacity vs. Cycles for Four Different Binders from Formation Test

From Figure 7 above, the specific capacity of SCMC binder is the highest in the second and third
cycle. In the first cycle, nafion has the highest specific capacity. Therefore, SCMC and nafion
show better results than the PAA and PVDF binders.

Figure 8: Coulombic Efficiency vs. Cycles for Four Different Binders from Formation Test

Figure 8 above shows the coulombic efficiency in each cycle for the four binders. SCMC has the
highest efficiency of the three cycles. Since SCMC has the highest coulombic efficiency and
specific capacity, SCMC is the best binder among all the four binders. SCMC will produce coin
cell batteries with higher performance.
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Impedance Test
Impedance tests were performed after formation to determine both the series and charge transfer
resistances of each battery. To do this, each battery was placed in a channel of the GAMRY
Battery Tester. Afterwards, the Potentiostatic EIS (Electrochemical Impedance Spectroscopy)
test was performed for each battery. The (Negative) Z imaginary vs. Z real results from the
Potentiostatic EIS test were relied on to plot the Nyquist (Impedance) plots for each binder - See
Figures 9 and 10. It is important to note that they are plotted separately to ensure the accurate
visualization of all plots.

Figure 9: Impedance Test Results for PAA and PVDF

Figure 10: Impedance Test Results for Nafion and SCMC

From the plots above, a semicircular trend followed by a tail can be observed. The space before
the semicircle represents the electrode resistance, the semicircle represents the electrolyte
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resistance, and together they represent the internal resistance of the battery. This internal
resistance is commonly known as Rs – series resistance or intrinsic resistance (Chhetri, 2019)
The tail represents the diffuse layer, or charge transfer (Rct) resistance (Mei et al, 2018). To
represent both values numerically, only the semicircle portion of the plots were considered for
each binder – See Figures 11 and 12.

Figure 11: Impedance Test Semicircle for PAA and PVDF

Figure 12: Impedance Test Semicircle for Nafion and SCMC

To accurately determine the Rs (Re) and Rct values, polynomial trends were considered for each
semicircle. This was done to compute both roots, X1 and X2, which represent Rs and Rct,
respectively, for each binder. With R2 values between 0.9895 and 0.9986, the resulting trends fit
the data accurately. Below in Figures 13 and 14, the results for Rs and Rct after formation can be
observed.
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Figure 13: Series Resistance After Formation

Figure 14: Charge Transfer Resistance After Formation

Batteries should have low internal resistance values, in order to decrease the amount of voltage
that drops through the battery and increase the amount of voltage that powers it up. Knowing that
the total electrical resistance of a battery is the sum of Re and Rct, Table 2 below shows the total
resistance values for all binders. From these results, it can be deduced that Nafion is the lowest
performing binder, since the voltage drop through the resistance is the highest.
Table 2: Total Resistance in Ohms

Binder
PAA 8
PVDF 3
Nafion 4
SCMC 8

Total Resistance (Ohm)
23.26
16.18
53.27
34.44
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Rate Test
Rate tests were performed for each cell to determine the specific capacity and coulombic
efficiency at different rate values – see Table 3. To compute the current values, the rate value
was simply multiplied by the last discharge current from the formation test – see Appendix B for
the sample calculations, results, and program setup.
Table 3: Rate Test Values

Rate
0.1C
0.2C
0.3C
0.5C
1.0C
2.0C
From the results obtained, the specific charge capacities for each binder were calculated. Then,
these specific capacity results were plotted against the cycle number. It is important to point out
that the rate tests were performed for two cells of each binder. Therefore, the results shown
below in Figure 15 represent the average specific charge capacity values for each binder at each
rate. Ranging from 0.1C to 0.5C, SCMC appears to have higher specific capacity of charge
results than the other binders. Between 1C and 2C, PAA has the highest results; however, since
the specific capacity of charge for PAA (ranging between 0.1C and 0.5C) is lower than that of
Nafion, PVDF, and SCMC, it can be determined that SCMC has the best overall performance
with varying rates.

Figure 15: Rate Test Data Results - Specific Capacity vs. Cycle Number for all Rates

To determine the coulombic efficiency for each binder at each rate, the charge density was
divided by the discharge density and then multiplied by 100% (Ratio between charge and
discharge density) – see Figure 16. As mentioned above, the results represent the average values
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for each binder at each rate. By simple comparison, the results for SCMC, Nafion, and PVDF
appear to be consistent at all rates, while the results of PAA constantly vary.

Figure 16: Rate Test Data Results - Coulombic Efficiency vs. Cycle Number for all Rates

Cycle Test
Seen below in Figure 17, the specific capacity of all binders is plotted for better comparison in
100 cycles total. The trend for all binders is somewhat similar, but for the PAA and PVDF
binders, the distribution of data is not following a tradition downfall trend which is expected in
latter stages of cycle life, both SCMC and Nafion exhibit a downfall trend which is the main
objective for this plot with nafion exhibiting a higher specific capacity. Therefore, SCMC and
nafion show better results than the PAA and PVDF binders. The cycle test was performed at
0.5C

Figure 17: Specific Charge Capacity vs. 100 Cycles for Four Different Binders from Cycle Test
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Figure 18 below shows the coulombic efficiency in 100 cycles for the four binders. The expected
efficiency for all the binders is supposed to be close to 100%. From the plot is seen that PAA
starts with an 80% efficiency and shows instability in efficiency throughout the rest of the cycles.
Thus, PAA can be discarded from consideration for this test as the other three performed as
expected. From previous data displayed in this project we know that SCMC performs better than
the other binders and have the highest efficiency. Since SCMC has the highest coulombic
efficiency and specific capacity, it is the best binder among all the four binders, producing coin
cell batteries with higher performance.

Figure 18: Coulombic Efficiency vs. 100 Cycles for Four Different Binders from Cycle Test
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Scanning Electron Microscopy Test
Scanning Electron Microscopy (SEM) was utilized to visualize the surfaces of the electrodes for
each binder, and their molecular interactions. It was also relied upon to visualize the structure of
the Si-C composite. Three Figures per binder will show the SEM Pictures at 10,000x, 5,000x,
and 2,000x resolution, respectively.

Figure 19: SEM Test for SCMC

In Figure 19 above, it can be seen that the Si particles are properly combining with the carbon
particles and there is a smooth mixture of material throughout.
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Figure 20: SEM Test for PAA

In Figure 20 above, it can be observed that the Si molecules are not properly binding to the
carbon particles.

Figure 21: SEM Test for PVDF

In Figure 21 above, it can be observed that the Si molecules are properly binding to the carbon
particles.
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Figure 22: SEM Test for Nafion

In Figure 22 above, it can be observed that the Si molecules are not properly binding to the
carbon particles.

Figure 23: SEM Test for Si-C Composite

Figure 23 above shows the SEM Pictures for the Si-C composite at 1,100x, 600x, and 250x.
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Final Recommended Design
Material Balances
Based on the various test data that was collected during the performance of the experiment, the
battery cells that have SCMC as a binder have the highest capacity and coulombic efficiency and
so, SCMC shows higher performance than the other binders. In the plant, SCMC will be used as
a binder to ensure the high performance of the battery cells.

Figure 24: Material Balance for Coin Cell Battery with SCMC Binder

Figure 24 above shows the material balance for monthly production of the recommended
chemical plant design. Starting with electrodes preparation, 145.88g of Si, 20.84g of C45, 41.68g
of SCMC, and 791.60g of distillate water will be fed into a slurry mixture to be mixed for around
one hour at high speed to ensure that all the materials are well combined. To enhance the mixing
process, mixing balls will be added to the slurry. The final product after mixing will be a honeylike density. After that, the slurry will be transferred into the coating machine with drying oven
to coat the slurry with a copper sheet and dry it where half of the water will be evaporated. Then,
to dry the other half of the water, the slurry coated with copper will be transferred into a vacuum
oven. All the water that will be evaporated will be condensed and recycled to be used again for
the mixing process. After that, the electrode will be ready. The electrodes will be cut into small
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disks 9/16 inches in diameter. Then, the mass of each electrode will be recorded to calculate the
active material, or Si, in each electrode.
After the preparation of electrodes, the electrodes will be transferred into a glovebox. The coin
cell batteries will be assembled inside the glovebox since lithium is sensitive to water. Working
inside the glovebox will ensure that the moisture content is kept below 1 ppm to ensure that the
lithium does not react while assembling the coin cell. The next step is to assemble the coin cell
batteries. Each battery will contain one negative coin cell case, one positive coin cell case, one
spring, one separator disk with 5/8 inches in diameter, one lithium disk with 9/16 inches in
diameter, one electrode, two spacers, and nine drops of electrolyte. The battery will be assembled
the same way that was assembled during the experiment that was performed (refer to the method
of the experiment). After aligning all the components, the battery will be pressed by using coin
cell battery crimping machine. 208.40g of solid content is assumed to produce 34,733 coin cell
battery per month. Refer to Appendix B for sample calculation.
When the cell assembling process is done, the cells will be transferred to the tester. The tester
can do three different tests. The first test is the formation test to test the capacity of the battery.
The second test is the rate test to test the rate capability of the battery. The third test is the cycle
test to test the durability of the battery.

Energy Balances
For this project, the energy balance was based on the BatPac model by Argonne National
Laboratory and estimations by Liu et al. – See Table 4 for the Energy Consumption data per cell,
per month, and per year. The monthly energy consumption is based on 34,733 cells. The yearly
energy consumption is based on 416,796 cells. The energetical aspect of the processes that will
be carried out will be described below:
• Slurry Mixer: Mostly electrical energy, pulled directly from the electricity grid.
• Coating/Drying: The equipment for both the coating and drying processes require
electricity.
• Vacuum Oven and Condenser: The focus of the vacuum oven is to pull out all the liquid
solvent from the electrode. This process is mainly electrical. The condenser requires
cooling water.
• Electrode Cutting and Calendaring: Both processes require electricity, since they are
mostly mechanical processes.
• Coin Cell Assembly: A mechanical process that requires electricity.
• Crimping: A mechanical process that requires electricity.
• Tester and Dry Room: All the testers require electricity to properly operate.
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Table 4: Energy Balance Data

Process
Slurry Mixer
Coating/Drying
Vacuum Oven and
Condenser
Electrode Cutting and
Calendaring
Coin Cell Assembly
Crimping
Tester and Dry Room

Energy Consumption
(kWh/cell)
0.11
0.18
6.22

Total
(kWh/month)
3,820.63
6,251.94
216,039.26

Total
(kWh/year)
45,847.56
75,023.28
2,592,471.12

1.09

37,858.97

454,307.64

1.02
0.69
3.97

35,427.66
23,965.77
137,890.01

425,131.92
287,589.12
1,654,680.12

In Table 4 above, it can be observed that the condensing process has the highest energy
consumption per cell. In the incremental investment opportunity section, the removal of this
energy intensive processes will be discussed, since the profitability of the overall process could
be increased. For the testing process, it is important to consider that the room must be always
kept dry (moisture free). By setting the plant in an arid/dry city, the energy costs due to testing
could be reduced.
Figures 25 and 26 below show the monthly and yearly energy balance process flow diagrams,
respectively.

Figure 25: Monthly Energy Balance for Coin Cell Battery with SCMC Binder
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Figure 26: Yearly Energy Balance for Coin Cell Battery with SCMC Binder

Equipment and Utilities
The final process uses a total of nine pieces of equipment. The breakdown of each equipment
and cost can be seen in Table 5.
Table 5: Breakdown of Equipment Cost for Process

Equipment
Mixer
Coating Machine and Drying Oven
Vacuum Oven
Condenser
Recirculating Cooler
Glovebox
Crimper
Tester

Price
$450
$10,000
$7,023
$2,376
$259
$11,500
$1,600
$1,000

These pieces of equipment add up to a total of $34,208. Adding in 10% instillation and 20%
delivery costs, the total cost for the equipment will be $44,470.40.
Utilities used in this process are electricity and deionized water. Deionized water is used for the
electrode slurry and is evaporated out during the process; it can be bought for $4.50 per 1000
gallons. Electricity is used to power all the equipment and costs $0.093 per kWh.
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Process Economics
After designing the process and calculating the material and energy balances, the economics of
the process need to be analyzed to see whether the process is economically viable or not. A
couple different values are needed to know if the design is worth it. These values are the net
present value (NPV), return on investment (ROI), the payback period (PBP), the internal rate of
return (IRR), and the benefit to cost ratio (B/C).
The first thing that needs to be done before developing the cash flow table and calculate the
economic values is determine the yearly income and expenses. A breakdown of the expenses and
income can be seen in Tables 6 and 7 respectively.
Table 6: Breakdown of Yearly Expenses

Material
Silicon (g)
Carbon 45 (g)
SCMC (g)
Water (gal)
Copper (g)
Energy (kWh)
Lithium (g)
Coin Cell Cases
Spacers
Springs
Electrolyte (L)

Cost
Flow
EXP
($/unit)
(unit/h)
($/year)
0.36
0.20
628.50
3.00
0.03
749.89
0.278
0.06
139.06
0.0045
0.00
0.0000
0.22
0.72
1378.21
0.093
635.73
514369.75
5.16
0.57
25810.47
0.90
47.91
375148.44
0.59
95.82
491861.29
0.43
47.91
177153.43
243.99
0.02
45767.01
Table 7: Breakdown of Yearly Income

Material Cost
Flow
Power
INC
($/kWh)
(Battery/h) (kWh/Battery) ($/year)
Battery
282.00
47.91
0.015 1763039.00
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From the equipment costs previously calculated, the total capital investment (TCI) can be
determined. In Table 6.9 from Peters & Timmerhaus, the TCI can be estimated for a solid-fluid
processing plant by multiplying the equipment cost by 5.03. This gives a TCI of $206,445.79,
breaking down further into fixed capital (FC) which is 85% of the TCI and working capital (WC)
which is 15% of the TCI. The plant life of this project is 10 years using MACRS depreciation, a
tax rate of 21%, and a minimal acceptable return (MAR) of 30%. The resulting cashflow table
for SCMC can be seen in Table 8.
Table 8: Cashflow Table for Design Process using SCMC Binder

Values shown in the table are in thousands of dollars. From this table, necessary values for
process economics were found and can be seen in Table 9. The IRR was calculated using solver
and excel by adjusting the MAR value so that the NPV goes to 0. The calculations for the other
values can be seen in Appendix B.
Table 9: Important Economic Factors for SCMC Binder

With an NPV value of $110,321.18, the time value of money for this project remains positive.
The ROI for this design was calculated to be 0.488 per year and the PBP was found to be 2.05
years. These values along with a B/C value of 0.493 and IRR of 47.25% show that the process is
economically viable and will make money through the ten-year plant life. A summary of the
economic values for the other binders can be seen in Appendix C.
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Sensitivity Analysis
The choice of feed rate was based on the capacity of the slurry mixer. With only a 1000g
capacity, this was chosen to be our feed; however, there may be room to optimize this and earn
more money. A sensitivity analysis was performed by looking at how the feed rate affects the
NPV of the process. This was chosen for sensitivity due to the lower energy costs associated
with lower feed rate. The results of the sensitivity analysis can be seen in Figure 27.

Battery Production Sensitivity

Net Present Value ($)

120000
y = 6629.1x - 207260
R² = 1

100000
80000
60000
40000
20000
0
30

35

40

45

50

Batteries Produced (batteries/hour)
Figure 27: Sensitivity Analysis for Cell Production Rate

From the sensitivity analysis, it can be seen that there is a linear correlation between the feed rate
and NPV. Due to this, it can be seen that the optimum feed is the maximum allowable rate based
on the equipment capacities, which is 1000g in this case.
Another thing that can be determined from this sensitivity is the minimum number of batteries
needed to make a profit. Since this process is dependent on construction and testing of the
battery cells, the same amount may not be produced every time. In order for this process to be
profitable, at least 22,667 cells must be constructed a month with a goal of 34,733.

Incremental Investment Opportunity
An incremental investment opportunity (IIO) is used look at other possibilities for the design of
the plant. For this plant, the possibility of removing the condenser and recycle stream of water
was looked at. This opportunity is being looked at because of the high energy usage and cost of
the condenser and the recirculating cooler compared to the cost of deionized water, there may be
chance to earn more money. Figure 28 shows the resulting PFD and material balances of the IIO.
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Figure 28: Process Flow Diagram for Incremental Investment Opportunity

Due to the removal of the condenser and recirculating cooler, the equipment cost goes down to
$41,044.90, giving a TCI of $206,455.80. Table 10 below, shows the resulting cashflow table for
the IIO. Values shown in the table are in thousands of dollars. From this table, necessary values
for process economics were found, similarly to before, and can be seen in Table 11. Like before,
the IRR was calculated using solver and excel by adjusting the MAR value so that the NPV goes
to 0.
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Table 11: Cashflow Table for Incremental Investment Opportunity

Table 10: Important Economic Factors for Incremental Investment Opportunity

With an NPV value of $419,759.12, it can be seen that the time value of money for this IIO is
greater than that of the original design. The ROI for this design was calculated to be 0.986 per
year and the PBP was found to be 1.014 years. These values along with a B/C value of 2.033 and
IRR of 97.93% show that the design of the IIO is more economically viable than the original
design and should be used in place of.

Conclusions
Our group was tasked with comparing several binders to determine the effect that they have on
the performance of Si-based anodes of lithium-ion batteries. from the various performance tests
conducted on these battery cells, it was determined that the SCMC binder performs the best
overall. Once determining this, our group designed a grassroots plant to economically produced
battery cells with the SCMC binder. Under the given assumptions, the plant designed to produce
these cells is economically viable.
With an NPV of $419,759.12, the plant still makes money when factoring in the time value. With
an assumed MAR of 30%, the IRR of 97.93% is much greater than that of the MAR and shows
this plant life is above the breakeven point. The B/C of 2.033 shows that the benefit of this plant
is 2 times greater than the costs associated with it. With an ROI of 0.986 and PBP of 1.014, the
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designed plant makes back nearly all of the investment costs in the first year, with the
investments made back in just over a year.

Recommendations
When looking at further scale-up of this process, it is important to look at replacing some of the
equipment. With the designed process now, there is a limit of 1000g per month of the slurry mix
for the electrode due to the size of the mixer. If further scale-up is wanted, this is the first thing to
replace.
In this process, glove boxes are used to control the moisture content and ensure that the lithium
does not react while constructing the battery. If more production is needed than what was
designed, a dry room would be beneficial to construct. This controls the moisture levels of an
entire room, allowing for higher efficiency when constructing cells as well as allowing more
people to construct cells at a time.

Standards and Safety
When handling any chemical and equipment in the lab, necessary PPE is required such as gloves,
glasses, and a lab coat. This is to prevent any possible injury if a spill of a harmful chemical were
to happen. In the case of chemical debris getting into a person’s eye, an eye wash station will be
available to wash out the eyes. Along with an eye wash station, there will be a shower in case
any corrosive material is spilled on a person.
When assembling the battery cell, it is important to make sure that the moisture level is kept to
less than 1 ppm. This is to ensure that the lithium does not react while assembling the battery. It
is important to monitor the pressure and ensure that there are no leaks to allow moisture in.
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Appendix
Appendix A: List of Abbreviations
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

PAA – Polyacrylic Acid
PVDF – Polyvinylidene Fluoride
SCMC – Sodium Carboxyl methylcellulose
NMP – N-methyl-2-pyrrolidone
Si – Silicon
Cu – Copper
C45 – Carbon Black
C_CC – Charge
D_CC – Discharge
EIS – Electrochemical Impedance Spectroscopy
SEM – Scanning Electron Microscopy
XRD – X-ray Diffraction
NPV – Net Present Value
ROI – Return on Investment
PBP – Payback Period
IRR – Internal Rate of Return
B/C – Benefit to Cost Ratio
TCI – Total Capital Investment
FC – Fixed Capital
WC – Working Capital
INC – Income
EXP – Expenses
DEP – Depreciation
PFT – Profit
CF – Cash Flow
DF – Discount Factor
DCF – Discount Cash Flow
IIO – Incremental Investment Opportunity
PPE – Personal Protective Equipment
PPM – Part per Million
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Appendix B: Sample Calculations
Material Balance:
•

Solid and Liquid Content:
1) The ratio of the slurry is (Si: C45: SCMC) = (70: 10: 20)
2) 5 % of SCMC powder is diluted in distillate water (binder)
3) The slurry mixer in the recommended design can hold up to 1000 g

The mass of the binder that is used in the slurry=

20%
5%

= 4 𝑔 (0.2 SCMC & 3.8 DI-water)

3.8 𝑔

Liquid Content = (4+0.1+0.7)𝑔 ⋅ 100 % = 79.16 %
1000 𝑔 ⋅ 0.7916 = 791.60 𝑔 of DI-water

1000 g – 791.60 g = 208.40 g of solid (Si, C45, and solid SCMC)
•

Material Balance Around Slurry Mixer:
1) Assume Steady State
2) No reaction occurs
3) In = Out

For silicon: 208.40 g (0.70) = 1000 g (X) -> X=0.146
For C45: 208.40 g (0.1) = 1000 g (Y) -> Y=0.021
For SCMC: 208.40 g (0.2) = 1000 g (Z) -> Z= 0.0417
For DI-H2O: A= 1-(0.416+0.021+0.0417) -> A= 0.7913
•

Mass of Copper Used for Electrode Coating Process:
1) Assume 1 g of solid content needs 2.5 g of copper
2) Solid content in the recommended design = 208.40 g
𝑚𝑐𝑜𝑝𝑝𝑒𝑟 =

(2.5 𝑔 𝐶𝑢 ) ⋅ (208.40 𝑔 𝑠𝑜𝑙𝑖𝑑 )
= 521 𝑔 𝐶𝑢
1 𝑔 𝑠𝑜𝑙𝑖𝑑
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•

Number of Electrodes:
1) Assume the mass of each electrode with 9/16 inch in diameter coated with copper =
17.70 mg
2) The mass of copper with 9/16 inch in diameter= 11.70 mg
3) The mass of each electrode without the copper = 17.70 mg – 11.70 mg =6.00 mg =
0.006 g
4) One electrode will contain 0.006 g of solid
5) Number of electrodes = number of coin cell batteries that will be produced
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒𝑠 =

•

(1 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒) ⋅ (208.40 𝑔 𝑠𝑜𝑙𝑖𝑑)
= 34,733 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒𝑠
0.006 𝑔 𝑠𝑜𝑙𝑖𝑑

Mass of Lithium Used to Assemble the Coin Cell Batteries:
1) The mass of the lithium with 9/16 inch in diameter= 0.012 g

For 34,733 coin cell batteries: 0.012 g Li (34,733) = 416.80 g Li
•

Volume of Electrolyte:
1) Assume 1 drop of electrolyte = 0.05 mL
2) Each coin cell battery needs 9 drops, so 0.45 mL of electrolyte is needed for each coin
cell battery.

For 34,733 coin cell batteries: 0.45 mL (34,733) = 15,630 mL = 15.63 L of Electrolyte

Plant Economics:
•

Working Capital:
𝑊𝐶 = 0.15 ∗ 𝐹𝐶𝐼

•

Total Capital:
𝑇𝐶𝐼 = 5.03 ∗ (𝐸𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡)

•

Profit:
𝑃𝐹𝑇 = 𝐼𝑁𝐶 − 𝐸𝑋𝑃 − 𝐷𝐸𝑃 − 𝑊𝐶

•

Cash Flow:
𝐶𝐹 = 𝐼𝑁𝐶 − 𝐸𝑋𝑃 − 𝑇𝐴𝑋 − 𝐹𝐶 − 𝑊𝐶

•

Discount Cash Flow:
𝐷𝐶𝐹 =

•

𝐶𝐹
(1 + 𝑀𝐴𝑅)𝑖

Net Present Value:
𝑁𝑃𝑉 = Σ𝐷𝐶𝐹

•

Internal Rate of Return:
𝐼𝑅𝑅 = {𝑀𝐴𝑅 | 𝑁𝑃𝑉 = 0}

•

Benefit to Cost Ratio:
𝐵 𝑁𝑃𝑉 − 𝑇𝐶𝐼
=
𝐶
𝑇𝐶𝐼
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•
•

Return on Investment:
𝑅𝑂𝐼 =

𝐴𝑉𝐺(𝐶𝐹)
𝑇𝐶𝐼

𝑃𝐵𝑃 =

𝑇𝐶𝐼
𝐴𝑉𝐺(𝐶𝐹)

Payback Period:
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Appendix C: Tables of Data
Table C1: Results of Formation Tests

Binder Cycle

PAA

PVDF

SCMC

Nafion

1
2
3
1
2
3
1
2
3
1
2
3

Average Average
Average Average Average
Active Discharge Discharge Charge
Charge
Material Capacity
Specific Capacity Specific
Silicon
(mAh)
Capacity
(mAh)
Capacity
(mg)
(mAh/g)
(mAh/g)
2.89
2.59
901.26
1.89
658.94
2.89
2.16
754.24
2.07
721.60
2.89
2.17
756.10
2.11
734.67
2.85
2.40
845.21
1.98
696.84
2.85
2.20
773.90
2.12
748.74
2.85
2.16
759.74
2.10
740.25
1.70
1.23
813.70
1.12
692.90
1.70
1.41
841.99
1.36
816.76
1.70
1.41
842.31
1.38
823.57
1.07
1.01
971.30
0.75
727.81
1.07
0.87
841.85
0.83
800.43
1.07
0.86
825.35
0.82
797.14
Table C2: Important Economic Factors for PAA Binder

Table C3: Important Economic Factors for PVDF Binder

Table C4: Important Economic Factors for Nafion Binder

Average
Coulombic
Efficiency
(%)
73.13
95.67
97.18
82.44
96.75
97.43
84.68
97.00
97.79
74.83
95.07
96.56

